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ABSTRACT «a-Hemolysin is an extracellular protein toxin (107 kDa) produced by some pathogenic strains of Escherichia coli.
Although stable in aqueous medium, it can bind to lipid bilayers and produce membrane disruption in model and cell
membranes. Previous studies had shown that toxin binding to the bilayer did not always lead to membrane lysis. In this paper,
we find that a-hemolysin may bind the membranes in at least two ways, a reversible adsorption and an irreversible insertion.
Reversibility is detected by the ability of liposome-bound toxin to induce hemolysis of added horse erythrocytes; insertion is
accompanied by an increase in the protein intrinsic fluorescence. Toxin insertion does not necessarily lead to membrane lysis.
Studies of a-hemolysin insertion into bilayers formed from a variety of single phospholipids, or binary mixtures of phospho-
lipids, or of phospholipid and cholesterol, reveal that irreversible insertion is favored by fluid over gel states, by low over high
cholesterol concentrations, by disordered liquid phases over gel or ordered liquid phases, and by gel over ordered liquid
phases. These results are relevant to the mechanism of action of a-hemolysin and provide new insights into the membrane

insertion of large proteins.

INTRODUCTION

Escherichia coli a-hemolysin (HlyA) is a 107-kDa protein
secreted by pathogenic strains of this bacterium and belongs
to the so-called RTX protein family, characterized by a
glycine-rich nonapeptide repeat region near the C-terminal
end (see Coote, 1992, for a review). In addition to this
repeat domain, the protein has a hydrophobic region near
the N-end (Menestrina et al., 1994, 1995), and a C-terminal
signal peptide (Zhang et al., 1995; Chervaux and Holland,
1996). The mature protein contains two fatty acyl residues
linked to internal lysines (Stanley et al., 1994). HlyA dis-
rupts eukaryotic cell membranes and forms cation-selective
channels in planar lipid membranes (Menestrina et al.,
1995). The toxin is also capable of inducing leakage of
phospholipid large unilamellar vesicles (Ostolaza et al.,
1993). In general, there is ample experimental evidence that
HlyA, although existing in soluble form after its secretion,
may become membrane-associated to produce membrane
disruption.

The mechanism of HlyA insertion in lipid bilayers is not
known in detail. Besides the fact that some cells might
contain HlyA receptors, pure lipid bilayers and vesicles
constitute a good model for this study. We have recently
described methods for separately measuring toxin binding
to membranes and toxin-induced lysis, and found that bind-
ing is not necessarily followed by membrane damage. In
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particular, HlyA binds lipid bilayers with about the same
affinity in the presence or absence of Ca”>*, but only when
the protein has been preincubated with this cation does the
lytic effect follow toxin binding (Ostolaza and Goiii, 1995).
In this paper, we explore in more detail the influence of
some lipid properties on HlyA binding to membranes. The
interest of this study goes beyond the mechanism of action
of the toxin, because it is one case of the more general, and
important, biological problem of protein insertion in mem-
branes (see reviews by Jain and Zakim, 1987; Hannavy et
al., 1993; Isenman et al., 1995; see also, to mention but a
few examples, Dibble et al., 1993; Sankaram et al., 1994;
Pott and Dufourc, 1995; Rytémaa and Kinnunen, 1995).
The present study is specifically directed to exploring the
influence of lipid phases on the binding of HlyA. Particular
attention is paid to the case of coexisting fluid phases, such
as phospholipid-cholesterol fluid ordered and fluid disor-
dered phases (Sankaram and Thompson, 1991; Almeida et
al., 1992; Monette et al., 1993; Mateo et al., 1995; Mc-
Mullen and McElhaney, 1995; Pott and Dufourc, 1995), and
to the case of coexisting gel and fluid phases (Vaz et al,,
1989; Jorgensen et al., 1993; Sankaram et al., 1992, 1994,
Piknovi et al., 1996). Tomita et al. (1992) have studied the
influence of membrane fluidity on the assembly of Staphy-
lococcus aureus a-toxin, a channel-forming protein not
belonging to the RTX family, in liposomal membranes.
Following a similar experimental reasoning, we have estab-
lished bilayer conditions under which HlyA may bind lipid
membranes in either a reversible or an irreversible way.

MATERIALS AND METHODS
Materials

Egg phosphatidylcholine (PC) was grade I from Lipid Products (South
Nutfield, England). Dioleoyl, dimyristoyl, dipalmitoyl, and distearoylphos-
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phatidylcholine (respectively, DOPC, DMPC, DPPC, and DSPC) were
supplied by Avanti Polar Lipids (Alabaster, AL). Cholesterol (Ch) was
from Sigma. 1-Amino-naphthalene-1,3,6-trisulfonate (ANTS) and p-
xylenebispyridinium bromide (DPX) were obtained from Molecular Probes
(Eugene, OR). Plasmid-encoded a-hemolysin (HlyA) was purified from
the culture filtrates of an overproducing strain of E. coli, according to the
method of Ostolaza et al. (1991); before its use, the protein was dialyzed
against 150 mM NaCl, 6 M urea, 20 mM Tris/HCl, pH 7.0 (TCU buffer),
to which 1 mM EGTA was added. Horse red blood cells were supplied by
Microlab (Madrid, Spain).

Large unilamellar vesicles (LUVs) of different compositions were pre-
pared by extrusion and sized using 0.1-pum pore size Nuclepore membranes
as described by Mayer et al. (1986); the buffer was 20 mM Tris-HCI, 150
mM NaCl, pH 7.0 (TC buffer), = EGTA, Ca*, or Zn*>* as required.

Measurements of intrinsic fluorescence of HiyA

Bilayer-toxin interactions were monitored through changes in the intrinsic
fluorescence emission spectra of HlyA. Small aliquots of a concentrated
LUV suspension were added to a protein solution (0.15-0.30 uM) in a
cuvette with continuous stirring. After equilibrating for 5 min, emission
spectra were recorded with an excitation light of 295 nm (slit 5 mm).
Fluorescence intensity measurements were corrected for light scattering
(Surewicz and Epand, 1984).

Toxin binding to liposomes and toxin transfer
to erythrocytes

The method is essentially the one described by Tomita et al. (1992). Horse
red blood cells were used as indicators in assessing the hemolytic activity
of HlyA bound to multilamellar vesicles (MLVs). Toxin (20-30 ug) and
liposomes (multilamellar vesicles, | mM) were incubated in TC buffer with
10 mM CaCl, for 30 min, at the required temperature. HlyA-liposome
complexes were recovered by centrifugation (16,000 X g, 15 min, 4°C) and
washed three times to remove any unbound toxin. The complexes were
resuspended in 200 ul of cold buffer and used for assays of hemolytic
activity, as well as in protein and lipid determination. This was called the
“centrifugation method” for measuring total protein bound to liposomes.

For hemolytic activity assays, an aliquot of the HlyA-liposome com-
plexes was serially diluted with cold buffer in a 96-well microtiter plate.
One hundred microliters of the dilute suspensions were mixed with 100 ul
of a standardized suspension of red blood cells and left to incubate for 30
min at 37°C. The absorbance of supernatants was read at 412 nm. One
hundred percent lysis was established after lysing the red blood cells with
Triton X-100 (1% final concentration).

Time-resolved experiments and
equilibrium conditions

Preliminary time-resolved experiments using the various techniques de-
scribed above showed that 5 min after toxin addition, the various cell and
model systems used in this study had reached equilibrium. This is what
would be expected from a diffusion-limited process, as is probably the case
with toxin binding and insertion. Thus all measurements have been carried
out 5 min after HlyA addition, except in those cases in which, for the sake
of convenience, equilibration was allowed to take place for 30 min, as
stated in each case.

RESULTS

The capacity of liposome-bound HIyA to produce red blood
cell lysis was tested after incubating the protein with DOPC,
DMPC, or DPPC multilamellar liposomes at 0°C and 37°C.
The results are presented in Fig. 1. The dotted line corre-
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FIGURE 1 Accessibility of liposome-bound a-hemolysin to red blood
cells. HlyA was incubated for 30 min at 0°C (O) or 37°C (@) with
multilamellar liposomes of DOPC, DMPC, or DPPC, as indicated. The
resulting liposome-protein complexes were further incubated with horse
erythrocytes, and the hemolytic activity was recorded. See Materials and
Methods for details. Dotted line: hemolytic activity of native toxin, i.e.,
preincubated in the absence of liposomes and then added to the erythrocyte
suspension.

sponds to the dose-response curve of free hemolysin, i.c.,
protein that has been preincubated in the absence of lipo-
somes and then tested against red blood cells. When HlyA
has been preincubated with DMPC liposomes at 0°C (i.e.,
well below T, the main gel-to-fluid transition temperature
of the phospholipid; open circles), incubation with horse
erythrocytes leads to hemolysis, although not all of the
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protein seems to be capable of producing cell lysis, because
the dose-response curve is somewhat shifted to higher pro-
tein concentrations, However, when preincubation with
DMPC (T, = 23°C) has taken place at 37°C (filled circles),
the fraction of HlyA available for hemolysis is much
smaller, and the dose-response curve is shifted by about an
order of magnitude. This can be quantitatively stated by
comparing the amount of protein required in all three cases
to produce 50% hemolysis. The data are shown in Table 1,
and the protein concentrations are, respectively, 0.5, 0.95,
and 10.0 pg/ml for HlyA preincubated without and with
liposomes at 0°C and at 37°C. In terms of percentage, 53%
of the protein preincubated at 0°C but only 5% of HIyA
preincubated at 37°C with DMPC is “available” for hemo-
lysis. The phenomenon appears to be related to the physical
state of the bilayer, because HlyA preincubated with mul-
tilamellar vesicles of DPPC (T, = 41.5°C) remains avail-
able for hemolysis when incubated at 0° or 37°C (Fig. 1 and
Table 1). The opposite situation is found with DOPC, which
remains fluid at both temperatures; the proportion of HlyA
available for hemolysis is very small in both cases, and
values producing 50% hemolysis (obtainable only by ex-
trapolation) are virtually similar and comparable to the data
for preincubation with DMPC in the fluid state (37°C). Note
that protein binding to the multilamellar liposomes is es-
sentially similar in all cases (Table 1), irrespective of tem-
perature or lipid composition. Control experiments in which
protein-free liposomes are incubated with red blood cells
showed that none of the vesicle preparations had any he-
molytic character at all.

These results are interpreted in terms of the existence of
two populations of membrane-bound HlyA molecules, re-
spectively, reversibly and irreversibly bound. Lipid bilayers
in the fluid state favor irreversible binding. Our previous
studies with LUV in the fluid state indicated that, under
conditions leading to membrane leakage, the toxin remained
irreversibly bound to the membrane (Ostolaza et al., 1993).
In the case of fluid MLV (e.g., DOPC, or DMPC at 37°C),
virtually all of the toxin (>90%) remains irreversibly bound
(Table 1). For bilayers in the gel state (e.g., DPPC, or
DMPC at 0°C), the apparent proportion of reversibly bound
HlyA is far from 100%; this result is observed either be-
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cause some of the protein is irreversibly bound even below
T., or because not all of the reversibly bound hemolysin
binds red blood cells under conditions leading to leakage
(Ostolaza and Goiii, 1995). A similar situation below 7, was
found for S. aureus a-toxin (Tomita et al., 1992).

Some of the former experiments with DMPC multilamel-
lar vesicles were repeated with preincubated HlyA and
liposomes in TC buffer but with 1 mM ZnCl,, or 1 mM
EGTA, instead of Ca®*. These experiments were performed
because previous studies had shown that in the absence of
divalent cations, or in the presence of Zn>*, HIyA was
inactive (Ostolaza et al., 1995). In agreement with the
previous observations, no hemolysis was detected under
those conditions, in spite of the fact that red blood cells were
suspended in a calcium-containing buffer (data not shown).
This suggests that, in the transfer from MLV to erythrocyte
(whenever this occurs), the calcium-binding domain of
HlyA (Ostolaza et al., 1995) does not unfold to allow entry
of calcium ions and subsequent protein activation.

The hypothesis that HlyA becomes irreversibly bound to
lipid bilayers when they are in the fluid state is also sup-
ported by an experiment in which toxin binding is assessed
as an increase in the intrinsic Trp fluorescence of the protein
(Surewicz and Epand, 1984; Ostolaza and Goii, 1995). Fig.
2 shows the relative change in HlyA intrinsic fluorescence
when incubated continuously with increasing temperatures
in the presence of DMPC LUVs (T, = 23°C). Fluorescence
increases steeply between 20°C and 23°C, i.e., near the
gel-fluid transition. If a system equilibrated well above T is
then gradually cooled down (Fig. 2, triangles), the intrinsic
fluorescence does not vary. Our interpretation of these data
is that HlyA becomes inserted in the DMPC bilayer in a
nonreversible way, particularly when the lipid is in the fluid
phase. The tryptophanyl residues being in a less polar en-
vironment than before, the fluorescence emission intensity
increases. Once the protein is inserted above T, cooling
does not reverse the fluorescence effect, because binding
above T, is irreversible. The peptide becomes kinetically
trapped in the gel state. Note that direct measurements of
liposome-bound protein do not reveal major differences
between the gel and the fluid phase (Table 1), probably
because the direct centrifugation method gives an estimate

TABLE 1 Binding of a-hemolysin to phospholipid liposomes and transfer of a-hemolysin from liposome-toxin complexes to

horse erythrocytes

% Binding* HIyA concentration (g/ml)* % Residual activity®
Phospholipid 0°C 37°C 0°C 37°C 0°C 37°C
DOPC 10.9 153 15.51 16.91 3.2t 3.0
DMPC 10.2 14.7 0.95 10.0 53 5.0
DPPC 9.8 13.0 0.78 0.81 64 61

*Total protein bound, according to the centrifugation method.

#Concentration of HlyA, in the form of toxin-liposome complex, that produces 50% hemolysis in the standard preparation of horse red blood cells. The

corresponding value for free HlyA is 0.5 pug/ml.

The percentage residual hemolytic activity in the toxin-liposome complexes is calculated as (concentration of native toxin required to produce 50%
hemolysis/concentration of liposome-bound toxin required to produce 50% hemolysis) X 100 (Tomita et al., 1992).

IExtrapolated values.
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FIGURE 2 The influence of gel-fluid phase transition of DMPC on
HlyA binding to LUVs, assessed as an increase in intrinsic Trp fluores-
cence of the protein. @, Heating run; V, cooling run.

of total (reversibly + irreversibly) bound protein, whereas
intrinsic fluorescence increases noticeably only when the
protein becomes irreversibly embedded in a lipid bilayer.
Binary phospholipid mixtures offer various possibilities
of phase transitions and of coexistence of gel and fluid
phases. We have studied the incorporation of HlyA into
various mixtures of DMPC and DSPC at 30°C. At this
temperature, the binary lipid system is in the liquid crystal-
line phase for a DSPC molar fraction x = 0.15, and in the
gel phase for x = 0.65 (Knoll et al., 1981; Vaz et al., 1989;
Sankaram et al., 1992; Jorgensen et al., 1993; Piknové et al.,
1996); between these boundaries, the gel and liquid crys-
talline phases coexist. Total protein bound, according to the
centrifugation method, was 3 *+ 0.1/10* (protein/lipid mol
ratio) at 30°C, irrespective of the system composition. HiyA
irreversible binding to DMPC/DSPC LUVs is shown in Fig.
3 A, as detected through changes in the intrinsic fluores-
cence. Again insertion appears to be at a maximum when
the system is in the fluid phase, lower when both phases
coexist, and virtually zero when the lipids are in the gel
phase. A small but reproducible increase observed between
Xpspc = 0.00 and xpgpe = 0.05 is attributed to a facilitated
protein insertion when mixed-length phospholipid chains
coexist. The proportion of inserted protein does not decrease
precisely in parallel with the theoretical fraction of fluid
phase (Fig. 3 A, dotted line). This may be due to fluctuations
in the phase boundaries induced by the presence of the
protein. Our differential scanning calorimetry studies of
phospholipid-HlyA systems indeed show a protein-depen-
dent widening of the main lipid gel-fluid phase transition (P.
Veiga et al., unpublished data). Insertion of a small (25 aa)
peptide is known to leave the phase boundaries unmodified
(Sankaram et al., 1994), but the behavior of the much larger
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FIGURE 3 Binding of a-hemolysin to bilayers composed of binary
phospholipid mixtures DMPC/DSPC. (A) Irreversible LUV binding mea-
sured as an increase in intrinsic Trp fluorescence of the protein. Data
relative to fluorescence intensity of the pure protein in buffer, in the
absence of lipids. (B) Accessibility of MLV-bound HlyA to red blood cells
(as in Fig. 1). Measurements were carried out at 30°C. The two discon-
tinuous vertical lines indicate the pure lipid phase boundaries. The dotted
line corresponds to the calculated mass fraction of fluid phase as a function
of system composition.

and more complex HlyA may be different, particularly in
view of the small size of the fluid phase domains in DMPC/
DSPC mixtures at 30°C (Piknov4 et al., 1996). The putative
effect of the protein on the vesicle curvature and subse-
quently on the phase behavior of the lipid mixture (Brumm
et al., 1996) should also be taken into account in our system.

When the reversibility of HlyA binding to DMPC/DSPC
bilayers in the form of ML Vs is tested by incubating liposome-
bound toxin with horse erythrocytes, the resuits are rather
straightforward (Fig. 3 B). As long as there is some lipid in the
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fluid phase, binding is essentially irreversible—no hemolysis is
detected. Only when the mixture is in the gel phase, and
particularly for xpgpc = 1.0, does the binding become revers-
ible. The point at xpgp = 0.8 is interesting because it shows
virtually the same F/F, as xpgpe = 1.0 (Fig. 3 A), yet the
recovery of hemolytic activity is much smaller in the former
case. One plausible explanation is that xpgpe = 0.8 represents
a limiting situation; in fact, the results in Fig. 3 may suggest
that, in the presence of HlyA, the lipid phase boundaries are in
fact near xpgpe = 0.05 and 0.8, respectively. Cholesterol/
phosphatidylcholine mixtures are interesting because they of-
fer the possibility of coexisting ordered and disordered liquid
phases (Vist and Davis, 1990; Sankaram and Thompson, 1991;
Almeida et al.,, 1992; Mateo et al., 1995; McMullen and
McElhaney, 1995). For DMPC/cholesterol, the phase diagram
published by Almeida et al. (1992) shows, at 10°C, a gel phase
for 7 mol% cholesterol, an ordered liquid phase at 30 mol%
cholesterol, and coexisting gel and ordered liquid phases be-
tween. At 37°C, the phases are disordered liquid, disordered
liquid + ordered liquid, and ordered liquid, the two corre-
sponding boundaries occurring at ~10mol% and ~30 mol%
cholesterol. The total amount of liposome-bound HIyA esti-
mated by the centrifugation method for bilayers composed of
DMPC/cholesterol decreases steadily and slowly with increas-
ing proportions of cholesterol (Fig. 4), apparently with little or
no influence of temperature or phase transitions, as was the
case for pure DMPC bilayers (Table 1).

When irreversible HlyA insertion into LUV bilayers is
considered, assessed by the intrinsic fluorescence method
(Figs. 5 A and 6 A), the general tendency is, as seen for total
binding in Fig. 4, a decrease in irreversible binding as the
cholesterol concentration increases. At 10°C (Fig. 5 A), the
boundary between S and S + L does not mark any impor-
tant change in toxin binding, but beyond the boundary

HiyA BOUND/ LIPID (MOL/MOL) 10*
5

0.75
0.50
0.25 - 2
0.00 ' : : :
0 10 20 30 40 50
% CHOLESTEROL

FIGURE 4 Total binding (measured by the centrifugation method) of
HIyA to bilayers composed of DMPC:cholesterol mixtures. Measurements
carried out at 10°C (l) and 37°C (@).
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FIGURE 5 Binding of a-hemolysin to bilayers composed of DMPC/
cholesterol at 10°C. (A) Irreversible LUV binding measured by the intrinsic
fluorescence method. (B) Accessibility of MLV-bound toxin to erythro-
cytes (as in Fig. 1). The discontinuous vertical lines correspond to the lipid
phase boundaries.

between S + L, and L, binding is clearly decreased, sug-
gesting that the liquid ordered state is not a favorable
solvent for HlyA. At 37°C the bilayer ability to bind hemo-
lysin decreases steeply as soon as some L phase is formed,
suggesting again the low affinity of L, for the toxin. Note
that for cholesterol concentrations at or near 50%, when the
DMPC gel-fluid transition has been completely smeared
out, HlyA binding at 10°C and 37°C is virtually the same.

Tests of accessibility to red blood cells of HlyA bound to
DMPC/cholesterol MLVs (Figs. 5 B and 6 B) confirm in
general the previous observations. At 37°C, accessibility is at
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FIGURE 6 Binding of a-hemolysin to bilayers composed of DMPC/
cholesterol at 37°C. (A) Irreversible LUV binding measured by the intrinsic
fluorescence method. (B) Accessibility of MLV-bound toxin to erythro-
cytes (as in Fig. 1). The discontinuous vertical lines correspond to the lipid
phase boundaries.

a minimum when the bilayer is in the L, state and at a
maximum when the L state predominates (Fig. 6 B). At 10°C,
two remarkable features are observed (Fig. 5 B). One is the
very high hemolytic activity for HlyA bound to pure DMPC at
10°C (in accordance with the data in Table 1), followed by a
dramatic decrease as soon as 5% cholesterol is added. The 95:5
DMPC/cholesterol mixture should be in the gel state as much
as the pure DMPC, but the large decrease in hemolytic activity
(with a similar extent of binding according to the fluorescence
measurements; Fig. 5 A) suggests again that the protein is
changing the phase behavior of the mixture. The second note-
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worthy observation is that, at the temperature of 10°C, the
liquid ordered phase is somehow stabilizing the membrane-
bound form of the toxin—not only does the recovery of he-
molytic activity decrease and remain low as soon as some
cholesterol (and presumably some L phase) is present (Fig. 5
B), but the recovery from pure L, (50% cholesterol) is also
lower at 10°C than at 37°C (Fig. 6 B). This is an indication that,
for a given phospholipid/cholesterol mixture in the same phase
at two different temperatures, even when the proportion of
irreversibly bound HlyA is similar (Figs. 5 A and 6 A), the
fraction of protein transferred from liposomes to erythrocytes
is lower at the lower temperature, perhaps indicating a tem-
perature-dependent differential organization of the protein in
the bilayer. In turn, this suggests that the mode of incorporation
of HlyA to lipid bilayers may be more complex than the two
possibilities (reversiblefirreversible) mentioned above. With
this limitation in mind, we can conclude that the lipid bilayer
properties that facilitate the irreversible insertion of HlyA are
the fluid state over the gel state (Figs. 1-3), the low over the
high cholesterol concentrations (Figs. 5 and 6), the disordered
liquid (L) over the ordered liquid (L) or gel states (Figs. 5 and
6), and the gel over the liquid ordered state (Figs. 5 and 6).

DISCUSSION

The mechanism of membrane lysis
by a-hemolysin

Our previous studies on this protein have shown that 1) a
specific receptor is not required for membrane lysis to occur,
because leakage of large molecules is induced by HlyA in
vesicles of defined lipid composition, e.g., pure egg PC (Os-
tolaza et al., 1993); 2) HlyA may bind lipid bilayers under
conditions (e.g., absence of Ca®") that do not lead to lysis
(Ostolaza and Goiii, 1995). The data in this paper provide us
with a closer look at the binding step. The binding data ob-
tained by the centrifugation method and by the intrinsic fluo-
rescence method do not always agree (e.g., Table 1 and Fig. 2),
particularly because the fluorescence procedure shows differ-
ences between binding to the gel and fluid phases, whereas the
centrifugation method does not. This had not been detected in
former studies because only bilayers in the fluid phase were
tested. When the binding data are complemented with assays
of accessibility of liposome-bound HlyA to erythrocytes, two
populations can be distinguished in the membrane-bound toxin
fraction, one that is transferred to the red blood cells (reversibly
bound HlyA) and one that is not (irreversibly bound). The fact
that irreversible but not reversible binding is characterized by
changes in intrinsic fluorescence supports the hypothesis that
“binding” actually includes two distinct phenomena, reversible
adsorption of the protein to the bilayer and irreversible inser-
tion into the same. Adsorption would be an early step that, in
certain cases (e.g., fluid bilayers), would be followed by inser-
tion. Adsorption appears to be largely independent of bilayer
fluidity or composition (at least in the absence of net surface
charge), whereas insertion is highly dependent on the bilayer
physical properties (see Results).
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By combining data from this and previous papers (Osto-
laza et al.,, 1995; Ostolaza and Goiii, 1995), it can be
concluded that irreversible insertion does not lead automat-
ically to membrane lysis (see the case of binding in the
presence of EGTA, accompanied by a similar increase in
fluorescence than in the presence of Ca**). A further phe-
nomenon is required that occurs only in the presence of
Ca’™". In a-toxin of S. aureus (Tomita et al., 1992), as well
as in certain pore-forming cytolysins (Bhakdi and Tranum-
Jensen, 1986), insertion is followed by oligomerization.
However, in the case of HlyA, no oligomer has been iso-
lated up to now, although circumstantial evidence in its
favor has been produced (Ostolaza et al., 1993; Ludwig et
al.,, 1993). No data are currently available on the step(s)
between HIyA insertion and membrane disruption.

The insertion of a-hemolysin in lipid bilayers

A fraction of the membrane-associated a-hemolysin is irre-
versibly bound to the bilayer, its Trp residues appear to be in
a less polar environment than when the protein is free in
solution, and, under the appropriate conditions (e.g., presence
of Ca®"), it causes bilayer leakage and/or disruption. These
experimental facts indicate that this particular fraction has
become inserted in the bilayer. Apart from the already dis-
cussed implications for the mechanism of toxin action, the
experimental data may be of interest in the framework of
peptide insertion in membranes, the first stage in membrane
protein folding (Lemmon and Engelman, 1994).

Unlike the cases of protein translocation in prokaryotes (de
Kruijff, 1994), anionic phospholipids are not required for HlyA
insertion (Ostolaza et al., 1993). Jain and Zakim (1987) have
pointed out the requirement that hydrophobic regions of the
bilayer become transiently exposed to the aqueous phase for
protein incorporation to occur. Such transient exposure would
be favored by overall changes in the bilayer properties, such as
fluidity (Chapman, 1975), or by particular properties of a
localized microenvironment, or defects (Jain and Zakim,
1987). The requirement of fluid bilayers for insertion is shown
in Fig. 1, and more explicitly in Fig. 3, where, even if gel and
fluid phases may coexist, the proportion of irreversibly bound
protein decreases with the fraction of fluid phase. This is in
agreement with the preferential partitioning of gramicidin A’
in fluid phospholipid phases coexisting with gel phases (Dibble
et al., 1993). The uneven distribution of a transmembrane
peptide into different coexisting lipid domains has also been
described by Zhang et al. (1995). Moreover, Polozov et al.
(1995) described the insertion of two amphipathic peptides in
zwitterionic phospholipid bilayers in the fluid, but not in the
gel state; thus the preference for fluid bilayers by the peptides
to be inserted appears to be a rather general and predictable
phenomenon.

Defects and intrinsic instabilities in the bilayer may pro-
mote protein insertion because defect sites may accommo-
date a protein molecule without inducing additional ener-
getically unfavorable general disorder, desolvation, or
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lateral compression (Jain and Zakim, 1987). Local defects
may arise from lipid mixtures (Mclntosh et al., 1983), or
from the presence of impurities (e.g., detergents) or other
proteins, etc. Our experimental results show that conditions
under which local defects are likely to occur (e.g., disor-
dered liquid state; Fig. 6) do favor irreversible protein
insertion. The overall effect of cholesterol is to make protein
insertion more difficult, probably because its rigid structure
does not help to accommodate the rough protein surface
(Figs. 5 A and 6 A). Note also that cholesterol tends to
increase bilayer thickness (Levine and Wilkins, 1971; Nezil
and Bloom, 1992) and integral proteins tend to partition into
domains of a given thickness (Bretscher and Munro, 1993).
The properties of cholesterol are evident in the cholesterol-
rich ordered liquid phases (Figs. 5 A and 6 A), which
support very little insertion. Almeida et al. (1992) have
explained this phenomenon in terms of cholesterol occupy-
ing free volume in the bilayer. It is interesting, in this
respect, that S. aureus a-toxin hexamerization is favored by
these cholesterol-rich phases (Tomita et al.,, 1992). How-
ever, the relationship between the presence of cholesterol
and the reversibility of HlyA binding appears to be more
complex than the general anti-insertion effect just dis-
cussed. The effects in the DMPC/cholesterol mixture at
10°C are a good example, particularly the surprisingly low
recoveries of hemolytic activity in the presence of choles-
terol (Fig. 5 B) that do not correlate with the binding data
(Fig. 5 A). Moreover, the irreversible binding data are very
similar for the L, phase at 10°C and 37°C (Figs. 5 A and 6
A), whereas the recovery of hemolytic activity is much
higher at the higher temperature (Figs. 5 B and 6 B).
Bretscher and Munro (1993) have proposed that changes in
cholesterol concentration in cell membranes may induce
segregation of domains with high and low cholesterol con-
centrations; this idea has received support from the biophys-
ical studies of Virtanen et al. (1995) in model membranes.
If this were the case, segregation of domains would be
favored by low temperatures, and HlyA would partition into
domains of a particular composition, irrespective of the
average cholesterol contents in the mixture.

The fact that protein insertion itself helps to promote new
structural defects is important because it would support a
cooperative process of insertion, which in turn is related to the
putative oligomerization of HlyA (Ostolaza et al., 1993; Lud-
wig et al., 1993). Pott and Dufourc (1995) have underlined the
creation of defect structures in the membrane upon the addition
of melittin that might modify the overall elastic properties of
the membrane, and Monette et al. (1993) proposed that high
cholesterol concentrations induce tight lipid packing, which in
turn prevents penetration of melittin into the bilayer. In our
system, even the gel state is more prone to HlyA insertion than
the L, one, probably because of the structural defects that are
known to exist in liposomes below T..
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